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Successful development of a multicellular organism depends on the ﬁnely tuned orchestration of cell
proliferation, differentiation and apoptosis from embryogenesis through adulthood. The MYB-gene
family encodes sequence-speciﬁc DNA-binding transcription factors that have been implicated in the
regulation of both normal and neoplastic growth. The Drosophila Myb protein, DMyb (and vertebrate
B-Myb protein), has been shown to be part of the dREAM/MMB complex, a large multi-subunit
complex, which in addition to four Myb-interacting proteins including Mip130, contains repressive E2F
and pRB proteins. This complex has been implicated in the regulation of DNA replication within the
context of chorion gene ampliﬁcation and transcriptional regulation of a wide array of genes. Detailed
phenotypic analysis of mutations in the Drosophila myb gene, Dm myb, has revealed a previously
undiscovered function for the dREAM/MMB complex in regulating programmed cell death (PCD). In
cooperation with the pro-apoptotic protein Grim and dREAM/MMB, DMyb promotes the PCD of
speciﬁed sensory organ precursor daughter cells in at least two different settings in the peripheral
nervous system: the pIIIb precursor of the neuron and sheath cells in the posterior wing margin and the
glial cell in the thoracic microchaete lineage. Unlike previously analyzed settings, in which the main
role of DMyb has been to antagonize the activities of other dREAM/MMB complex members, it appears
to be the critical effector in promoting PCD. The ﬁnding that Dm myb and grim are both involved in
regulating PCD in two distinct settings suggests that these two genes may often work together to
mediate PCD.
& 2012 Elsevier Inc. All rights reserved.Introduction
Apoptosis plays a fundamental role in the development of all
multicellular organisms. This process of programmed cell death
(PCD) is required for eliminating excess or mis-speciﬁed cells,
reﬁning morphogenesis, and ensuring viability (reviewed in
Conradt (2009), Jacobson et al. (1997)). Developmentally pro-
grammed apoptosis in Drosophila requires the pro-apoptotic RHG
proteins, encoded by the reaper (rpr), head involution defective
(hid), and grim genes, which are clustered within a 300-kb
region on chromosome III (Chen et al., 1996; Grether et al., 1995;
White et al., 1994). These genes, along with two more recently
identiﬁed family members, sickle (skl) and Jafrac2 (Srinivasula
et al., 2002; Tenev et al., 2002; Wing et al., 2002), are differen-
tially expressed and function as antagonists to DIAP1, the mostll rights reserved.central member of the inhibitor of apoptosis (IAP) protein family
in Drosophila, culminating in caspase-dependent apoptosis
(reviewed in Orme and Meier, 2009).
The requirement for RHG proteins during development was
ﬁrst revealed by the ﬁnding that embryos lacking rpr, hid, and
grim, all three of which are deleted in the Df(3L)H99 chromosome
(henceforth referred to as H99), die with excess cells due to lack of
developmental apoptosis (White et al., 1994). These pro-apoptotic
proteins function in a semi-redundant manner, at least during
metamorphosis and imaginal disc development (Nicholson et al.,
2009; Robinow et al., 1997; Yin and Thummel, 2004). However,
each RHG protein has also been shown to have discreet functions,
with hid being involved mainly in pruning excess cells in embryos
and imaginal discs (de la Cova et al., 2004; Kurada and White,
1998; Zhou et al., 1997), and rpr being responsible for neural
reﬁnement during larval development (Peterson et al., 2002).
Studies on the function of grim have been limited by the lack of
loss-of-function mutations. However, recent generation and analysis
of a grim-null line has revealed a key role for grim in the apoptosis of
M.K. Rovani et al. / Developmental Biology 372 (2012) 88–102 89thoracic microchaete glial cells (Wu et al., 2010). Microchaete
differentiation follows the canonical pattern of sensory organ
development in which one sensory organ precursor (SOP) cell
divides asymmetrically to give rise to two daughter cells, pIIa and
pIIb, which in turn also asymmetrically divide and generate the
socket, shaft, sheath, neuron, and glial cells (Gho et al., 1999;
Hartenstein and Posakony, 1989; Reddy and Rodrigues, 1999; and
see Fig. 3A). However, it was subsequently discovered that in the
thoracic microchaete lineage, glial cells undergo apoptosis (PCD)
after the division of the pIIb cell, or around 23 h after puparium
formation (APF) (Fichelson and Gho, 2003). The non-innervated
mechanoreceptors that are present in the posterior wing margin
(PWM) of adult ﬂies provide another example in which modiﬁed
sensory organs appear to be generated via PCD (Lai and Orgogozo,
2004). In the PWM, asymmetric cell divisions begin at 11 h APF, and
by 16–20 h APF, the presumptive socket and shaft cells have been
speciﬁed (Hartenstein and Posakony, 1989; Takemura and Adachi-
Yamada, 2011). The lack of neurons and sheath cells in the PWM
bristles gave rise to the hypothesis that their precursor cells undergo
lineage-speciﬁc apoptosis, a model strongly supported by the
presence of neurons when apoptosis is blocked via ectopic expres-
sion of the caspase inhibitor p35 (Blair, 1992; Jafar-Nejad et al.,
2006; Lai and Orgogozo, 2004).
Throughout organismal development, cell proliferation, differ-
entiation and apoptosis are ﬁnely orchestrated. The MYB-gene
family encodes sequence-speciﬁc DNA binding transcription fac-
tors that play important roles in these developmental processes
(reviewed in Oh and Reddy (1999), Katzen (2004)). The sole myb
gene in Drosophila, Dm myb, encodes DMyb, which is related to
the three closely related members of the MYB family in verte-
brates (A-Myb, B-Myb and c-Myb; aka MYBL1, MYBL2 and MYB,
respectively) and has been shown to regulate cell proliferation in
many tissues throughout development (Fitzpatrick et al., 2002;
Fung et al., 2002, 2003; Katzen et al., 1998; Manak et al., 2002,
2007; Okada et al., 2002). DMyb has been found to be a member
of a multi-subunit complex, dubbed the Myb complex, with four
other proteins designated as Myb-interacting proteins (Mips)
(Beall et al., 2004). The Myb complex was originally implicated
in the repression and regulated derepression of a specialized form
of DNA replication (chorion gene ampliﬁcation) and transcription
(Beall et al., 2004; Korenjak et al., 2004; Lewis et al., 2004), but
has more recently been shown to have activating roles as well
(Georlette et al., 2007; Wen et al., 2008). With respect to some
repressive activities of the Myb complex, DMyb was shown to be
a nonessential component of the complex, while another member
of the complex, Mip130, has been shown to be critical for both
repression and stability of the complex (Beall et al., 2004;
Korenjak et al., 2004; Lewis et al., 2004). Thus, the absence of
Mip130 leads to destabilization of the complex and loss of
repression.
Subsequently, it was discovered that the Myb complex could
be puriﬁed as part of a larger protein complex, the dREAM/MMB
(Drosophila RBF, E2F2, and Myb/Myb–MuvB) complex, which in
addition to the Myb complex proteins, invariably contains
Drosophila0s repressive E2F and pRB proteins: dE2F2 and RBF1
or RBF2 (Korenjak et al., 2004; Lewis et al., 2004). The dREAM/
MMB complex has been implicated in transcriptional repression
of the developmentally regulated E group of dE2F target genes
(Korenjak et al., 2004). However, a comprehensive analysis of the
complex components in tissue culture cells has implicated many
of the components in transcriptional activation as well (Georlette
et al., 2007).
Studies on vertebrate MYB family proteins in apoptosis have
implicated these proteins in both pro- and anti-apoptotic roles
(reviewed in Greene et al. (2007), Ramsay and Gonda (2008)). In
Drosophila, overexpression of an ‘‘activated00 version of DMyb in theimaginal discs led to increased levels of apoptosis, although it was
not determined whether this was a direct effect of increased DMyb
activity or an indirect consequence of excess proliferation
(Fitzpatrick et al., 2002; Okada et al., 2002). The possibility of DMyb
having a direct role in apoptosis, however, is supported by its
identiﬁcation as a mild effector in response to apoptotic stimuli in
an RNAi-based screen using S2Rþ cells (Chew et al., 2009).
Here, we demonstrate a speciﬁc requirement for DMyb in the
appropriate development of a subset of the diverse organs
generated by SOPs of the peripheral nervous system (PNS). In
cooperation with Grim and the dREAM/MMB complex, DMyb
promotes the programmed cell death of speciﬁed SOP daughter
cells in these developmental settings. In myb-null wings, neurons
developed inappropriately at the posterior margin due to a
defect in developmentally speciﬁed apoptosis. Although genetic
interaction studies indicated that the pro-apoptotic genes
reaper and hid contributed weakly to this phenotype, grim inter-
acted strongly withmyb and was found to be the major effector of
this lineage-speciﬁc developmental PCD at the posterior wing
margin. myb was also shown to participate in the grim-mediated
glial cell death that occurs in the thoracic microchaete lineage,
suggesting that these two genes may often work together to
mediate PCD. In addition, our wing data provide strong support
for the hypothesis that at the PWM, it is the neural precursor
pIIIb cell that undergoes apoptosis, rather than the pIIb cell
or the neurons and sheath cells themselves. Surprisingly,
unlike other settings, we found that the Mip130 protein does
not play an active role in this developmental process, but instead
contributes solely through its stabilization of DMyb and the Myb
complex.Materials and methods
Drosophila strains
The following Drosophila strains were used in this study: white
(referred to as w), w myb1, w myb2 and Dp(1;Y)shiþ1 (carries a wild-
type copy of Dm myb and is referred to as YDup) have been described
previously (Katzen and Bishop, 1996); mybMH107/FM7, Act-GFP
[(Manak et al., 2002), from J. Lipsick]; mip130136/FM7a and w
mip130136 mybMH107/FM7, Kr-Gal4, UAS-GFP(S65T) [(Beall et al.,
2004), from M. Botchan]; e2f2c03344/CyO [(Thibault et al., 2004), from
the Exelixis/Harvard collection]; w1118 Ubi-GFP(S65T) RPS5a2 FRT18A/
FM7a (referred to as Minute FRT18A), w FRT18A piMyc; MKRS hs-FLP/
TM6, Tb and w FRT18A Ubi-GFP(S65T) piMyc; MKRS hs-FLP/TM6, Tb, all
from B. Edgar; P{GawB}bbgC96 [referred to as C96-Gal4 (Gustafson and
Boulianne, 1996), from E. Siegfried]; P{UAS-p35.H} (second- and
third-chromosome inserts, referred to as UAS-P35, from G. Rubin);
Df(3L)H99/TM6B, Df(3L)WRX25/TM3 (White et al., 1994), XR38/TM3, Sb
Kr-GFP (Peterson et al., 2002), rpr87/TM2 (Moon et al., 2008), and
hid05014/TM6 (Grether et al., 1995), all from K. White; grimA6C/TM3, Sb
twi-GFP Ser and UAS-grimRNAi have been described previously (Wu
et al., 2010); P{GMR-grim}1 (referred to as GMR-grim, from Blooming-
ton Stock Center); w mip130136 myb2/FM7, w mip130136 FRT18A/
FM7, w mip130136 mybMH107 FRT18A/FM7, and (y) w mybMH107
FRT18A/FM7; MKRS hs-FLP/TM6, Tb were generated from the ﬂy lines
listed above for this study. Detailed descriptions of all alleles,
transgenic lines and aberrations can be found on Flybase at http://
ﬂybase.org/.
Mosaic analysis
Mitotic recombination was induced using the FLP/FRT method
(Xu and Rubin, 1993). Animals were raised and staged at 24 1C.
Relevant myb and mip130 lines were recombined onto the FRT18A
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(Bloomington Stock Center). To generate mip130136 and
mip130136 mybMH107 clones, w mip130136 FRT18A males or w
mip130136 mybMH107 FRT18A/YDup males were crossed to w FRT18A
Ubi-GFP piMyc; MKRS hs-FLP/TM6 Tb females. We found that
mybMH107 clones were small and did not compete/survive well with
neighboring cells. So to generate clones in a Minute FRT18A back-
ground, w mybMH107 FRT18A/YDup; MKRS hs-FLP/TM6 Tb males or w
FRT18A piMyc; MKRS hs-FLP/TM6 Tb males were crossed to Minute
FRT18A females. At 72 h after egg deposition, the progeny were heat
shocked for one hour at 37 1C. Desired female prepupae that were
GFP-positive and non-Tb were picked 4–5 or 5–6 (Minute back-
ground) days after the heat-shock treatment.
Tissue preparation and immunohistochemistry
Animals were raised and staged at 24 1C unless speciﬁed
otherwise. Adult wing dissection was performed in 100% isopro-
panol. The wings were then mounted in Euparal mounting
medium (ASCO Laboratories).
For immunostaining pupal wings, white prepupae [0 h after
puparium formation (APF)] were picked and aged for 24–28 h APF
at 24 1C or to 72 h APF at 18 1C, and then ﬁxed overnight in 4%
formaldehyde/PBS at 4 1C. For pupal nota, white prepupae were aged
for 27–28 h APF at 24 1C and then ﬁxed in 4% paraformaldehyde/PBS
with 0.1% Triton-X for 30 min at room temperature. For immunos-
taining of larval tissue, wandering third-instar larvae were dissected
and ﬁxed in 4% paraformaldehyde/PBS with 0.1% Triton-X for 30min
at room temperature. Immunostaining was performed as described
previously (Fitzpatrick et al., 2002) using the following primary
antibodies: mouse anti-22C10 [1:100; Developmental Studies Hybri-
doma Bank (DSHB)] (Zipursky et al., 1984), mouse anti-Elav (1:100;
DSHB) and rat anti-Elav (1:200; DSHB) (Robinow and White, 1991),
rabbit anti-DPax2 (1:100; gift fromM. Noll) (Kavaler et al., 1999), goat
anti-DMyb (dN-17, lot A2804, 1:50; Santa Cruz Biotechnology) (Scaria
et al., 2008), mouse anti-Repo (1:200; DSHB) (Alfonso and Jones,
2002). To detect apoptotic cells or Grim protein expression, wings
were dissected from pupae at 20–24 h APF and stained with rabbit
anti-Cleaved Caspase3 (1:150; Cell Signaling Technology) or goat
anti-Grim (dN-16, lot A222, 1:50; Santa Cruz Biotechnology), respec-
tively. Secondary antibodies conjugated to FITC, Texas Red, or Cy5
(Jackson ImmunoResearch) were used at 1:200 dilutions. Samples
were mounted in Vectashield (Vector Labs) and imaged using a Zeiss
Axiovert 200M microscope; confocal images were obtained with the
LSM 5 Pa system. All images were processed with Adobe Photoshop
10.0.1.
Quantiﬁcation of cell survival
To quantify ectopic neurons in the wing, Elav-positive cells along
the posterior wing margin were counted from 10 to 15 mounted
pupal wings dissected from independent pupae of each of the
indicated genotypes. Quantitative assessment of glial cell apoptosis
in the notum was performed by counting the number of Repo-
positive glial cells associated with the Elav-positive neurons as a
percentage of the total number of Elav-positive neurons for each
genotype.Results
Loss of DMyb leads to inappropriate neuronal development
at the PWM
Using temperature-sensitive, hypomorphic mutant alleles, we
have previously shown that decreased DMyb function leads to areduction in the number of wing hairs due to the majority of cells
being arrested before the last round of mitosis, and instead
undergoing endoreplication (Katzen et al., 1998). These mutants
also exhibited larger nuclei, defects in wing hair orientation, and
thicker wing veins. Surprisingly however, there was no obvious
effect on the number of bristles along the wing margin. To further
understand the role of DMyb in wing development, a null
mutation that is inviable as a homozygote, mybMH107 (Manak
et al., 2002), was used to generate loss-of-function clones in the
wing. Clonal analyses revealed that in addition to wing hair
defects that were similar to those shown by the hypomorphs,
albeit more extreme, the null clones unexpectedly exhibited
novel phenotypic abnormalities in the bristles along the wing
margin. In adult wings, mechanosensory and chemosensory
bristles, which are generated from SOP cells, are stereotypically
arranged along the anterior wing margin (AWM; Fig. 1A), while
slender, non-innervated bristles, which are also derived from the
SOP cells, line the posterior margin (PWM; Fig. 1C) (Hartenstein
and Posakony, 1989). mybMH107 clones (marked by yellow) exhib-
ited both loss and gain of bristles at the anterior and posterior
wing margins, and some of the mutant bristles were noticeably
thicker than their wild-type counterparts (Fig. 1B and D).
Although the loss of bristles could be a consequence of cell loss
due to more severe defects in the proliferation of wing cells, it is
unlikely that these mitotic defects could cause the gain and
change of bristles.
The bristle defects led us to examine developing wings at 24 h
APF, a time point when the cell division cycle has ended and
bristle development can be followed using antibodies that recog-
nize the different cell types that make up each bristle. Speciﬁcally,
we used Elav antibody (Robinow and White, 1991), which stains
the neurons, and the 22C10 antibody (Zipursky et al., 1984),
which stains the axons extending from the neurons and the shaft
cells of the innervated sensory bristles in the wing. As expected,
staining of 24–28 h APF wings with DAPI and 22C10 showed
larger and less organized cells in the clones (see Fig. S1 in
Supplementary material), reminiscent of the phenotypes of myb
hypomorphs (Katzen et al., 1998). Our attempts to discern the
basis of the bristle defects in mutant myb tissues was hampered
by the disorganization of the cells (and bristle positioning) along
with the multitude of sensory organ cells at the AWM. The AWM
contains two rows of mechanosensory bristles and one row of
chemosensory bristles, with each chemosensory bristle being
associated with ﬁve neurons (Hartenstein and Posakony, 1989).
However, we also made an unexpected observation. In wild-
type and control wings that are heterozygous for the mybMH107al-
lele, neuronal innervation of sensory bristles is restricted to the
anterior compartment (Palka et al., 1983; and see Fig. 1E-E00). In
contrast, labeling with Elav and 22C10 antibodies revealed that
mybMH107 clones exhibit ectopic neuronal development at the
PWM (ca. 40 neurons; Fig. 1F-F00). Since there have been reports of
abnormalities with the FRT insert at 18A in some contexts
(Ebacher, 2002), and the clones were generated in a Minute
background to provide myb/ cells with a relative growth
advantage, we examined PWM mybþ /þ clones made in the
Minute background using the starting FRT line (FRT18A) from
which the myb FRT line was generated as a control. We did not
detect any ectopic neurons in these clones, indicating that neither
the Minute background nor the FRT18A insert had any inﬂuence
on this phenotype (Fig. S2). Therefore, we conclude that the
ectopic-neuron phenotype was speciﬁc to loss of Dm myb. This
ectopic-neuron phenotype was unexpected since mutations in
myb have previously been shown to result in slower rates of
proliferation, leading to a reduction in the ﬁnal number of cells
(Fung et al., 2002; Katzen et al., 1998). Consequently, the presence
of neurons at the PWM, reﬂecting the presence of ectopic or
Fig. 1. Drosophila myb plays a role in sensory organ development in the wing. (A–D) Shown are adult wings from y mybMH107 FRT/mybþ Ubi-GFP Minute FRT; hs-FLP/þ ﬂies.
Control wings, which do not contain any clones, display the normal array of mechanosensory (ms) and chemosensory (cs) bristles along the AWM (A) and slender, non-
innervated (ni) bristles along the PWM (C). mybMH107 clones (marked with yellow) at the AWM (B) and PWM (D) exhibit thicker bristles (black arrows), loss of bristles
(asterisk), gain of bristles (open arrowheads), and split bristles (black arrowheads). (E-F00) Shown are pupal wings dissected 24–28 h APF from mybMH107 FRT/mybþ Ubi-GFP
Minute FRT; hs-FLP/þ animals and stained with anti-22C10 (red; E and F) and anti-Elav (red in merges; E0-E00; F0-F00). In control wings without clones as shown by GFP
ﬂuorescence (green) throughout the wing (E-E00), neurons are not present at the PWM. In contrast, ectopic neurons were invariably present in mutant clones (marked with
lack of GFP) that straddle the PWM (arrow in F, F0 and F00). In this and all subsequent ﬁgures, pupal wings are presented in the same orientation, and white arrowheads
mark the distal tip of longitudinal vein L3. The orientation of the AWM and PWM are indicated in panel E (yellow arrows). Scale bars in A and E are 0.05 mm, A-D and E-F00
are shown at the same magniﬁcations.
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independent of DMyb0s role in cell cycle.
DMyb is required for neuronal apoptosis at the PWM and synergizes
with the apoptotic pathway
Our discovery of neurons at the PWM of developing wings was
not the ﬁrst such observation. The SOPs of non-innervated bristles
at the PWM appear and divide asymmetrically by 11 h APF, and
their descendants, the socket and shaft cells, are speciﬁed by
16–20 h APF (Hartenstein and Posakony, 1989). Jafar-Nejad and
colleagues (2006) reported the appearance of neurons along the
PWM when the baculovirus p35 caspase-inhibitor protein was
ectopically expressed along the wing margin via the C96-Gal4driver. This ﬁnding agrees with the previous reports that in wild-
type wings, lack of neurons in the bristles along the PWM is
caused by a lineage-speciﬁc apoptosis of the neurons or their
precursor cells, the pIIb or pIIIb cells (Blair, 1992; Lai and
Orgogozo, 2004; and see Fig. 3A). This would then be an example
of developmentally targeted PCD to ensure that the posterior
bristles are not innervated, even though the same lineage path-
way to generate the different cell types of the sensory organs was
initiated at both the AWM and PWM.
The survival of neurons in myb-null clones at the PWM
suggested that loss of DMyb function led to suppression of
apoptosis in the neural lineage of developing bristles. To deter-
mine whether the suppression of apoptosis in myb mutants is
speciﬁc to the PCD at the PWM, we examined other cells in
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developing wing could be suppressed by loss of DMyb. Double
labeling of pupal wings with cleaved Caspase-3 and Elav anti-
bodies revealed that in control wings, cells along the wing
margins are undergoing apoptosis, with scattered apoptosis also
occurring throughout the wing blade (Fig. S3A), as has been
reported in wild-type 20–24-h APF wings (Milan et al., 1997;
Takemura and Adachi-Yamada, 2011). In mybMH107 clones within
the wings, we found that loss of DMyb actually resulted in
increased, rather than decreased, levels of apoptosis, presumably
due to cell division defects (Fig. S3B00). These results demonstrate
that loss of Dm myb function does not suppress general apoptosis
of non-sensory cells in the wing, thereby indicating that the
DMyb protein is actively involved in promoting the developmen-
tally speciﬁed neural apoptosis at the PWM.
To further investigate the role of DMyb in this process, we
proceeded to examine the genetic interaction between Dm myb
and the apoptotic pathway by introducing one copy of the H99
deﬁciency chromosome, which deletes one copy of reaper, hid and
grim, to mildly down-regulate the apoptotic response (Abbott and
Lengyel, 1991; Chen et al., 1996; White et al., 1994). In this study,
the temperature-sensitive (ts) mutant myb2 allele was used at
18 1C, since at this temperature, this hypomorphic allele exhibits
minimal cell-cycle defects (Katzen and Bishop, 1996; Katzen et al.,
1998). Ectopic neurons were never observed at the PWM ofFig. 2. H99 synergizes with myb2 in suppressing neural apoptosis at the PWM. Show
genotypes, which were then stained with Elav (red in merges) and 22C10 (green in merg
control wings (A). A few neurons were detected at the PWM of wmyb2 wings (B), and a m
continuous row of ectopic neurons along the entire PWM were detected in w myb2; H
22C10-labeling revealed axonal projections from the ectopic PWM neurons and their s
respectively. Scale bars in A and C00 are 0.05 mm; A-D0 , E and C00-D00 are shown at the sa
(yellow arrows). (F) Quantiﬁcation of the number of neurons at the PWM from 10 to 1
other graphs represent s.e.m. Only males are shown; the data from females is similar,control wings but were detected at low incidence in myb2 wings
(ca. 3 neurons per wing), and at a modestly higher level in pupal
wings that were heterozygous for the H99 deﬁciency but wild
type for myb (ca. 12 neurons) (Fig. 2A–C). In contrast, when H99
was introduced into the myb2 background, the anti-apoptotic
effects synergized so that large numbers of ectopic neurons were
consistently observed at the PWM (ca. 111 neurons; Fig. 2D). This
result is similar to the PWM phenotype resulting from when a
single copy of UAS-p35 is driven by C96-Gal4 throughout the wing
margin (Fig. 2E). In addition, labeling with the 22C10 antibody
indicated that the ectopic neurons observed in w;H99/þ and
myb2;H99/þ wings are functional since they sent out axons, with
the latter generating a thicker axon bundle due to the presence of
more neurons (Fig. 2C0-C00, D0-D00). The average number of ectopic
neurons, which reﬂects the level of suppression of developmen-
tally programmed apoptosis along the PWM, is depicted in Fig. 2F.
The synergy between myb2 and H99 was even more pronounced
at 24 1C, a temperature at whichmyb2 does exhibit some cell cycle
defects. While there were still no ectopic neurons in control
wings, there were more ectopic neurons at 24 1C than at 18 1C in
the presence of myb2 and H99, both independently and in
combination (Fig. 4). Notably, myb1, a second temperature-
sensitive allele that displays stronger cell-cycle defects than
myb2 in the wing (Katzen et al., 1998), exhibited a more modest
interaction with H99 than myb2 did (Fig. S4). Since the geneticn are developing wings dissected 72 h APF (18 1C) from pupae of the indicated
es) antibodies. No neurons were detected by Elav staining at the PWM of white (w)
odestly higher level was present at the PWM of w; H99/þ wings (C). In contrast, a
99/þ wings (D), reaching levels that phenocopy w; C96-Gal4/UAS-p35 wings (E).
haft cells (C0-C00; D0-D00). C00 and D00 are magniﬁcations of boxed areas in C0 and D0 ,
me magniﬁcations. The orientation of the AWM and PWM are indicated in panel A
5 independent pupal wings of each genotype indicated. Error bars in this and all
albeit with slightly higher numbers for the mutant genotypes.
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with minimal myb-associated cell cycle defects (Fig. 2F), we
concluded that the ectopic-neuron phenotype was largely inde-
pendent of perturbations in the cell cycle.
To discern the basis of ectopic neurons at the PWM, we
examined whether these neurons might be generated at the
expense of their sister cells, the sheath, socket, or shaft cells
(i.e., due to mis-speciﬁcation). The 22C10 labeling of the myb-
mutant wings already indicated that each ectopic neuron was
associated with a shaft cell (Fig. 2D00). To investigate this issue
further, an antibody against D-Pax2, which labels the shaft and
sheath cells (Kavaler et al., 1999), was used (Fig. 3B0 and C0).
Double labeling of w;H99/þ andmyb2;H99/þ wings with Elav and
D-Pax2 demonstrated that in addition to a shaft cell, each ectopic
neuron at the PWM was also associated with a sheath cell
(Fig. 3B00 and C00). Since ectopic neuron and sheath cells are always
detected together, it is highly unlikely that these cells are being
protected from apoptosis independently. Therefore, this ﬁnding
supports the hypothesis that at the PWM, the program to make all
of the specialized cells that compose sensory bristles is initiated, but
that one of the precursor cells (pIIb or pIIIb), as opposed to the
neuron and sheath cells themselves, then undergoes apoptosis.
Taken together, these data indicate that DMyb works in cooperationFig. 3. Each ectopic PWM neuron is always accompanied by a sheath cell. (A) A
schematic of the canonical lineage speciﬁcation process involving asymmetric cell
divisions from one sensory organ precursor (pI) to give rise to specialized daughter
cells. Variations of the canonical lineage generate diverse sensory organ types of
the PNS (see Fig. 8J and (Lai and Orgogozo, 2004). (B-C00) Shown are PWM of
24–28-hr APF (25 1C) pupae labeled with anti-Elav (red) and anti-D-Pax2, which
labels the sheath and shaft cells (green). Each ectopic neuron (red) at the PWM is
accompanied by a sheath and a shaft cell (green) in both w; H99/þ (B-B00) and w
myb2; H99/þ (C-C00). A few examples of this correlation are indicated as follows:
sheath cells (arrowheads), corresponding neurons (arrows); shaft cells are marked
with asterisks. Scale bar in B is 0.02 mm. All images are shown at the same
magniﬁcation.with the apoptotic pathway to ensure the developmentally speciﬁed
apoptosis of the neuronal precursor cells at the PWM.As a component of the Myb complex, DMyb plays an active role in the
PCD of neuronal precursors at the PWM
Initial studies of the multi-subunit Myb complex suggested
that the primary function of DMyb is to antagonize the repression
of replication or transcription exerted by other components of the
Myb complex, and that therefore, in the absence of the Myb
complex, DMyb function is no longer required. Support for this
hypothesis comes from the ﬁnding that while ﬂies homozygous
for a null mutation in Dm myb are inviable, ﬂies that are
homozygous for null mutations in both Dm myb and mip130 can
survive into adulthood (Beall et al., 2004; Manak et al., 2002). We
also found that in the context of the adult wing, the wing-hair
phenotype observed in myb mutants, which we have previously
reported to be a consequence of cell division defects (Katzen et al.,
1998), was suppressed in ﬂies that were doubly homozygous for
mutations in both myb and mip130 (Fig. S5), which is in agree-
ment with the model that the two proteins are working antag-
onistically within the complex, and that DMyb is only required to
counteract the activity of the other complex members. However,
results frommicroarray expression analysis of cultured Drosophila
cells that had been depleted of individual Myb complex compo-
nents using RNA interference are suggestive of a more complex
interaction between the complex members (Georlette et al.,
2007). Therefore, we decided to investigate whether mip130 plays
a role in promoting neural apoptosis at the PWM, and if so,
determine its interaction with Dm myb in this process.
Elav staining of pupal wings dissected from mip130136
mutants (a knockout mutation in mip130) (Beall et al., 2004)
revealed that loss of Mip130 by itself had a mild effect on theFig. 4. Loss of mip130 enhances myb2 phenotype at the PWM. As illustrated by
the graph, a few neurons were present at the PWM ofmyb2 andmip130136 wings,
and more were present in double-mutant wings (note that in this and subsequent
graph labels, mip130136 is abbreviated as mip130). Independently, myb2 and
mip130136 appeared to synergize with H99 to similar extents. The synergistic
effects were stronger when both the mip130136 and myb2 mutations were
combined with H99. Quantiﬁcation was performed on wings dissected at 24–
28 h APF. Note that for the genotypes that are also shown in Fig. 2F, the increase in
the numbers of PWM neurons shown here is due to a difference in the
temperatures at which the animals were cultured: 18 1C in Fig. 2F versus 25 1C
in this graph.
Fig. 5. The role of Mip130 protein and the Myb complex in neural apoptosis at the PWM is executed through DMyb. (A-B00) Shown are pupal wings dissected 24–28 h APF
from mip130136 FRT/ Ubi-GFP FRT; hs-FLP/þ animals and stained with anti-DMyb. DMyb was expressed at relatively uniform levels throughout the control wing, which
did not contain any clones (A,A0). In wings bearing mip130136 clones, the levels of DMyb were inversely proportional to those of Mip130 (B,B0; clone borders are
delineated with dashed lines). B00 shows a higher magniﬁcation of the boxed area in B0 , with (þ/þ) and (/) indicating the homozygous wild-type and mutant regions of
the twin spot, respectively, and (þ/) indicating the mip130-heterozygous cell population in the wing. Scale bars in A and B00 are 0.05 mm; A-B0 are shown at the same
magniﬁcation. (C-D0) Comparison of mutant mybMH107 (C,C0) and mip130136 mybMH107 (D,D0) clones (indicated by lack of GFP) in wings dissected 24–28 h APF from
mybMH107 FRT/mybþ Ubi-GFP Minute FRT; hs-FLP/þanimals (C,C0) and mip130136 mybMH107 FRT/Ubi-GFP FRT; hs-FLP/þ animals (D,D0). C0 and D0 are higher magniﬁcation
images of boxed areas in C and D, respectively. This analysis demonstrated that in myb-null clones, lack of mip130 had no effect on the number of surviving neurons (red),
although it did suppress the larger cell size phenotype associated with myb cell-cycle and endoreduplication defects. Scale bars in C and C0 are 0.05 mm; C, D and C0 , D0 are
shown at the same magniﬁcation. (E) Quantitative comparison of the number of neurons at the PWM ofmybMH107 clones andmip130136 mybMH107 animals. As a reference,
the number of neurons at the PWM of mip130136 wings is also shown. To quantify neurons at the PWM of the mybMH107 FRT animals, only wings bearing myb clones
throughout the entire posterior wing compartment were used. Wings were dissected from 24 to 28 h APF pupae.
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type (Fig. 4). In mip130136 myb2 double mutants, the phenotype
was enhanced, suggesting that contrary to their antagonistic
interaction during the cell division cycle, DMyb and Mip130
might work cooperatively to ensure that the developmentally
speciﬁed neural apoptosis occurs appropriately at the PWM
(Fig. 4). Combining myb2 or mip130136, individually or in
combination, with the H99 deﬁciency led to potent phenotypic
enhancement, suggesting that there are synergistic interactions
between the Myb complex genes and the pro-apoptotic genes
uncovered by the H99 deﬁciency chromosome (Fig. 4).
As noted above, it has been shown previously that at least in
some settings, the Myb complex is destabilized and DMyb levels
are reduced in the absence of Mip130 (Beall et al., 2004; Georlette
et al., 2007). We have found this to be true for many, but not all
tissues (J. McEllin and G. Scaria, manuscript in preparation; ALK,
unpublished observations). Therefore, we decided to investigate
whether the absence of Mip130 affects DMyb levels in the pupal
wing, which may be part of the basis for the genetic interaction
between the myb and mip130 mutants in the PWM. In order to be
able to accurately compare the relative levels of DMyb protein in
wing cells of different genotypes, we generated clones of
mip130136 mutant cells within heterozygous animals (Fig. 5B).
When pupal wings were stained with DMyb antibodies that have
previously been shown to be speciﬁc for the DMyb protein via the
absence of signal in null myb clones (Scaria et al., 2008), relatively
uniform levels of DMyb were observed throughout control wings
(heterozygous for mip130136 and without any generated clones;
Fig. 5A-A0), whereas DMyb levels were signiﬁcantly lower in cells
that were homozygous for the mip130136 mutation, and higher
in the twin spot cells that were homozygous for the wild-type
allele of mip130 (Fig. 5B-B0).
Based on these results, we hypothesized that among the Myb
complex proteins, DMyb plays the critical role in promoting pro-
grammed neural apoptosis in the PWM, and that the effects of
mutations in mip130136 on this phenotype (in mip130136 and
mip130136 myb2 mutant wings) is a consequence of the destabili-
zation of the DMyb protein. This hypothesis is testable since it
predicts that the absence of Mip130 should not have any effect on
the neuronal phenotype in the context of a null mutation for Dm
myb. Since mybMH107 homozygotes are inviable, we compared
mybMH107 single-mutant and mip130136 mybMH107 double-mutant
clones for the formation of ectopic neurons within a given area of
the PWM. Visual inspection of the clones revealed no apparent
difference (Fig. 5C and D0), an observation that was conﬁrmed by
quantitative analysis of the number of ectopic neurons in the PWM
of mip130136 mybMH107 pupal wings and mybMH107 clones that
occupied the entire posterior compartment of the wing (Fig. 5E).
Furthermore, we found that introducing one copy of a transgene
that carried a wild-type genomic copy of myb into the mip130136
mybMH107 background reverted the PWM phenotype to a nearly
wild-type level (average of less than one neuron/wing).
These results provide strong support for the hypothesis that
Mip130 plays no active role in the neural apoptosis that normally
occurs in the PWM, and that ectopic neurons detected in mip130
mutant wings were not a direct result of the mutation itself, but
instead a consequence of DMyb destabilization. Furthermore, the
ﬁnding that the mip130 mutation was able to suppress the myb
wing-hair phenotype that results from cell cycle defects in the
body of the wing, but not the ectopic-neuron phenotype at the
PWM, conﬁrms that the survival of neurons in myb-mutant wings
is independent of the role of Dm myb in the cell cycle. Therefore,
while the primary role of DMyb in chorion gene ampliﬁcation and
cell division may be to act as an antagonist of other Myb complex
members, it appears to play a more active role in promoting
developmentally programmed neural apoptosis at the PWM.DMyb works together with dE2F2 in ensuring appropriate neural
apoptosis at the wing margin
As noted in the Introduction, Myb complex proteins were also
shown to be part of the larger dREAM/MMB complex, which also
contains Drosophila0s repressive E2F and pRb proteins (Korenjak
et al., 2004; Lewis et al., 2004). In genetic modiﬁer studies, we
found a strong interaction between myb and de2f2 mutants, such
that a heterozygous de2f2 mutant allele in a myb background
could effectively suppress the myb wing-hair defects (Fig. S5). As
this was a more potent interaction than had been seen with a
mutation in mip130, which only suppresses the wing-hair phe-
notype when homozygous, we decided to examine the role of
dE2F2 in neuronal apoptosis at the PWM.
We found that when de2f2 levels were reduced by approxi-
mately 50% in e2f2C03344/þ heterozygotes that were otherwise
wild type, there was no effect on neuronal survival at the PWM,
and only a mild effect was observed in e2f2C03344 homozygotes
(Fig. 6A and G). However, a role for the dE2F2 protein in this
process was indicated by the ﬁnding that when de2f2 levels were
reduced in an H99 background, the number of ectopic neurons at
the PWM almost doubled relative to H99 alone (Fig. 6B and G).
Therefore, we decided to examine the effects of reducing de2f2
levels within the context of Myb complex gene mutations. In the
background of the ts myb2 mutation, the number of surviving
neurons increased by greater than threefold (from an average of
3 to 11) when de2f2 levels were reduced (Fig. 6G). To examine the
effects of reduced de2f2 levels when DMyb (and Myb complex
activity) is entirely absent, we used the mip130136 mybMH107
double mutant, since loss of Mip130 is able to rescue mybMH107
lethality but does not affect the mutant myb phenotype at
the PWM. We found that the survival of neurons at the PWM in
mip130136 mybMH107 double mutants was enhanced and
approximately doubled by reducing de2f2 levels (Fig. 6E and G;
note that the number of neurons detected in the double mutants
in these experiments differs from that shown in Fig. 5E because of
a difference in genders). Furthermore, the strong synergy that
occurs between themip130136 mybMH107 double mutant and H99
was even further enhanced by reducing de2f2 levels (Fig. 6D, F
and G), with the average number of neurons approaching the
theoretical maximum of approximately 230 (based upon counting
the number of PWM bristles in adult male ﬂies). These results
indicate that dE2F2 plays a role in the programmed cell death of
neurons at the PWM that is independent of DMyb, and that
the two proteins of the dREAM/MMB complex cooperate to
ensure that the developmentally programmed neural apoptosis
is achieved at the PWM.
Dm myb works with the pro-apoptotic gene grim to promote neural
apoptosis at the PWM
Neural apoptosis at the PWM has not been previously ana-
lyzed in detail. The strong synergy in suppression of neural
apoptosis at the PWM that was observed between mutations in
members of the dREAM/MMB complex and the H99 deﬁciency
chromosome indicated that one or more of the pro-apoptotic
genes that are deleted in H99 (reaper, grim, hid) might be
speciﬁcally required for apoptosis of these cells. Therefore, we
decided to dissect this interaction further by testing for interac-
tions between the myb2 mutation and either overlapping dele-
tions or individual mutations in the pro-apoptotic genes.
In a mybþ background, introduction of one copy of a loss-of-
function mutation in either rpr (Moon et al., 2008) or hid (Grether
et al., 1995) had no effect on neural apoptosis at the PWM
(Fig. 7A), and in a myb2 background, only a modest enhancement
of the myb2 phenotype was observed (Fig. 7B). Likewise, little
Fig. 6. Reduced levels of the dREAM component dE2F2 enhanced the effect of myb mutations and H99 at the PWM. No ectopic neurons were detected at the PWM when
E2F2 levels were reduced in w/Y; e2f2C03344/þ heterozygotes (A), but in an H99 background (B), the number of surviving PWM neurons was approximately doubled over
that of H99 alone (compare to Fig. 2C and see panel G in this ﬁgure). In addition, the number of ectopic PWM neurons resulting from the complete loss of DMyb in
mip130136 mybMH107 mutants (C) was approximately doubled when one copy of e2f2C03344 was introduced (E and G). Note that the mip130136 mybMH107 double mutant
was used to avoid having to generate clones, but as shown in Fig. 5, the phenotype is identical to that of a complete loss of DMyb in mybMH107 clones. As expected, the H99
deletion synergized with the mip130136 mybMH107 double mutant (D), but unexpectedly, the introduction of one copy of the e2f2C03344 allele was able to further enhance
the phenotype (F and G), resulting in a continuous row of ectopic neurons throughout the PWM. Scale bar in A is 0.05 mm; all images are shown at the same magniﬁcation.
(G) Quantiﬁcation of the number of neurons at the PWM from pupal wings of indicated genotypes dissected at 24–28 h APF. In the image and graph labels, e2f2C03344 is
abbreviated as e2f2.
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which deletes rpr and sickle, another neighboring pro-apoptotic gene
that is not uncovered by H99 (Peterson et al., 2002; Wing et al.,2002). In contrast, a strong interaction was observed between myb2
and Df(3L)X25, which deletes the hid and grim genes (Chen et al.,
1996; White et al., 1994) (Fig. 7B). Together, these data suggested
Fig. 7. Among the pro-apoptotic genes, grim is the major mediator of neural apoptosis at the PWM. (A and B) Graphs showing the effect of reducing the levels of pro-
apoptotic genes rpr, hid, and grim, individually or in combination, in white control (A) and myb2 (B) backgrounds. Quantiﬁcation was performed on pupal wing samples of
the indicated genotypes dissected at 24–28 h APF. (C–F) Shown are wings immunostained with anti-Elav that illustrate themyb-grim interaction. Only a few neurons (r5)
were observed at the PWM of w; grimA6C/þ (C) and w myb2 wings (D), but more than 80 were present at the PWM of w myb2; grimA6C/þ wings, indicating a synergistic
interaction (E). Complete absence of grim in the white background leads to a strong ectopic-neuron phenotype at the PWM (F), which is even further enhanced in a myb2
background (compare genotypes at the far right in panels A and B). Scale bar in C is 0.05 mm; all images are shown at the same magniﬁcation.
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this process. Indeed, when we examined the effects of a newly
isolated mutation in this gene, grimA6C (Wu et al., 2010), as a
heterozygote in a mybþ background, mild suppression of apoptosis
at the PWM was observed (Fig. 7A,C); and when the heterozygous
grimA6C was introduced into the myb2 background, a synergistic
interaction that was almost as strong as that of myb2 and H99 was
observed (Fig. 7B and E). This synergistic interaction was further
enhanced when DMyb was eliminated and the Myb complex was
destabilized in mip130136 mybMH107; grimA6C/þ mutants (Fig. S4).
Furthermore, neural apoptosis was also strongly suppressed at the
PWM of grimA6C homozygotes (Fig. 7A,F), indicating that grim is the
main cell death gene within the H99 interval that is involved in this
process. We obtained similar results using the UAS-grimRNAi line
(Wu et al., 2010) to reduce grim levels in the PWM of wild-type and
myb mutant wings (Fig. S4).
To test whether DMyb might regulate grim expression in the
posterior wing margin, we performed quantitative real-time PCR
analysis on whole pupal wing samples, but did not detect any
differences between relevant samples (not shown). Since the cells
of interest (descendants of the SOP in the PWM) represent a very
small proportion of the cells in pupal wings, we then examined
the levels of Grim expression in wild-type and mip130136
mybMH107 double mutant tissues using a polyclonal antibody
directed against the N-terminus of Drosophila Grim (Santa CruzBiotechnology). We found that Grim signals could be detected in
GMR-grim larval eye discs and white pupal wings, but was
undetectable in eye discs and pupal wings that were homozygous
null for grim (Fig. S6A-D0). Clonal analysis subsequently revealed
that Grim expression levels in mip130136 mybMH107 double
mutant cells were not signiﬁcantly different from those in wild-
type cells (Fig. S6E-E0). Taken together, these results indicate that
although DMyb and Grim work together to promote developmen-
tally programmed neural apoptosis at the PWM, the mechanism
is not via DMyb regulating grim expression levels. There are also
indications that rpr and hid may cooperate with grim to some
extent in promoting this PCD, including the ﬁndings that: com-
pared to in the wild-type background, more neurons survive
when grim is totally eliminated in a myb2 background; total
elimination of rpr signiﬁcantly enhances the myb2 PWM pheno-
type; and deﬁciency chromosomes which delete rpr, hid and grim
or hid and grim alone (H99 and X25, respectively) enhance the
myb2 PWM phenotype more than grim alone (Fig. 7A and B).
Dm myb also interacts with grim in glial cell apoptosis in the thoracic
microchaete lineage
Since grim has been shown to play a key role in the apoptosis
of microchaete glial cells in the thorax (Wu et al., 2010), we
decided to examine whether Dm myb works together with grim in
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Repo, which detects glial cells (Halter et al., 1995), we found that
glial cell survival levels were comparable in wild-type, myb2, and
heterozygous grimA6C pupal nota at 27–28 h APF (Fig. 8A–C and E).
However, glial cell survival was enhanced inmyb2; grimA6C/þ nota
(Fig. 8D and E), indicating that DMyb participates in grim-
mediated apoptosis of the microchaete glial cells in the thorax.
Since glial cells are targeted for PCD in the thoracic microchaete,
and we had examined only neuron and sheath cells in the PWM,
we returned to the wing to assess the status of glial cells and
determine whether myb and grimmight be involved in promoting
their apoptosis during wing development. In wild-type pupal
wings, glial cells were only present along the AWM and the
presumptive L3 longitudinal vein (Fig. 8F). However, the presence
of glial cells at the PWM could be detected when p35 was
overexpressed along the wing margin (Fig. 8G), indicating that
similarly to neurons and sheath cells, glial cells are initially
generated at the PWM, but that they are then eliminated via
PCD. Surprisingly, however, reducing grim and myb levels indivi-
dually or in combination did not promote ectopic glial cell
survival at the PWM, indicating that neither grim nor myb plays
an essential role in the apoptosis of glial cells in the wing (Fig. 8H
and I). Our data therefore suggest that at least two distinct
mechanisms are used to regulate the PCD of glial cells in
Drosophila: one of which is mediated by grim and myb, as has
been shown in the thoracic microchaete, and another that is
independent of both grim and myb, as exempliﬁed by the glial
cells in the PWM.Discussion
DMyb promotes programmed neural cell death in the PWM, a
function that is independent of its role in regulating cell proliferation
Developmentally speciﬁed apoptosis is required to shape the
neural pattern of sensory bristles along the wing margin. Jafar-Nejad
and colleagues (2006) observed that blocking apoptosis along the
wing margin leads to ectopic neurons at the PWM, demonstrating
that these neurons or their precursors are normally fated to die
during early pupal development. In this study, we show that DMyb,
as a member of the dREAM/MMB complex, is required to ensure
that this developmental event occurs, leading to a neural pattern
that is restricted to the anterior compartment of the wing.
While DMyb has been largely implicated in the regulation of
cell cycle progression (Fitzpatrick et al., 2002; Fung et al., 2002,
2003; Katzen et al., 1998; Manak et al., 2002, 2007; Okada et al.,
2002), several observations indicate that its function in regulating
PCD at the wing margin is independent of its role in the cell cycle.
For example, the PWM phenotype is undiminished in experi-
mental settings that minimize cell cycle defects (i.e.,myb2 at 18 1C
and in mip130 myb double-mutant animals), and it is weaker in a
myb1 background than a myb2 background, even though the myb1
allele exhibits stronger cell division defects (Katzen et al., 1998).
These ﬁndings suggest that these two phenotypes and their
corresponding functions are separable. Furthermore, since non-
sensory pupal wing cells in myb mutants do undergo apoptosis,
the requirement for DMyb function in apoptosis appears to be
speciﬁc to the developmentally programmed death of neural cells
at the PWM.
The role of the Myb complex members DMyb and Mip130 in neural
apoptosis at the PWM
The existence of the Myb complex was discovered in a very
different developmental setting, that of chorion gene ampliﬁcationwithin somatic follicle cells of the ovary, and the functional relation-
ship between DMyb and Mip130 was also initially studied within
this context (Beall et al., 2004,, 2002). In this setting, Mip130 was
shown to be critical for stabilizing the Myb complex and for
repressing the initiation of DNA replication, while DMyb was
implicated as the antagonist of the repressive activity, thereby
allowing replication to initiate at appropriate origins so that the
clusters of the chorion genes could be ampliﬁed. This ﬁnding
suggests that at least in this setting, the sole function of DMyb is
to antagonize the repression exerted by Mip130 and other compo-
nents of the Myb complex. Evidence that this type of interplay
between DMyb and Mip130 is not limited to chorion gene ampli-
ﬁcation is provided by the ﬁndings that elimination of mip130 (via
mutation) can rescue both the inviability of myb null mutants (Beall
et al., 2004) as well as their cell cycle-related wing defects (Fig. S5);
and that unlike other members of the dREAM/MMB complex, DMyb
is not required to repress the E group of dE2F-regulated genes in
cultured Drosophila cells (Korenjak et al., 2004; Lewis et al., 2004).
Together, these data indicate that in several different settings, the
requirement for DMyb function can be abrogated by the removal of
Mip130, which destabilizes the Myb complex and eliminates its
repressive activities.
Our studies reveal a different type of functional interplay
between DMyb and Mip130 in their regulation of developmen-
tally speciﬁed neural apoptosis in the PWM. Based on the data
that the absence of Mip130 results in a mild PWM phenotype in a
wild-type myb background, an enhanced phenotype in a
hypomorphic-mutant myb background, and no additional effect
in a myb-null background, we conclude that the role of Mip130 in
this context is solely to stabilize the DMyb protein. Therefore, this
analysis provides the ﬁrst example of a physiological process
regulated by the Myb complex in which DMyb plays the critical
role while still being dependent on the presence of other compo-
nents of the complex.
The pro-apoptotic role of dE2F2 and the dREAM/MMB complex
In addition to the four tightly associated Mips, the Myb
complex is associated with the larger dREAM/MMB complex,
which also contains Drosophila0s repressive E2F/pRB proteins
(Korenjak et al., 2004; Lewis et al., 2004). The presence of DMyb
and dE2F2 within the same protein complex suggests that they
may be involved in regulating at least a subset of the same target
genes. Georlette and colleagues (2007) carried out a comprehen-
sive, genome-wide gene expression analysis of the effects of
depleting individual dREAM/MMB complex components from
Drosophila cultured cells. Although this analysis implicates DMyb
in both positive and negative regulation of gene expression, there
is virtually no overlap of genes that are negatively regulated by
both DMyb and dE2F2. In contrast, there are numerous examples
of genes that are negatively regulated by dE2F2 and positively
regulated by DMyb. This data, along with evidence from other
investigators that dE2F1 can act to promote apoptosis (Asano
et al., 1996; Du et al., 1996; Moon et al., 2008, 2005), whereas
dE2F2 acts as an anti-apoptotic factor (Wichmann et al., 2010),
indicate that similarly to what has been suggested for DMyb and
Mip130, DMyb and dE2F2 may function as antagonists within the
dREAM/MMB complex. In support of this hypothesis, we found
that reducing dE2F2 levels in a mutant myb background sup-
presses the mutant myb cell cycle-related wing phenotype.
Therefore, within the context of the developmentally pro-
grammed neural apoptosis that occurs in the PWM, we had
expected to observe either an antagonistic genetic interaction
between Dm myb and de2f2 or no interaction at all. Instead, we
found that while reduction of dE2F2 alone does not affect neural
apoptosis within the PWM (and complete elimination has only a
Fig. 8. DMyb participates in more than one grim-mediated cell death process in the PNS. (A–D) Shown are portions of nota dissected from male pupae and immunostained with
anti-Elav to label the neurons (red), and anti-Repo to label glial cells (green). In the ﬁelds shown at 27–28 h APF,white (A),myb2 (B), and heterozygous grimA6C (C) nota exhibit only a
few surviving glial cells relative to the number of neurons, whereaswmyb2; grimA6C/þ nota from the same developmental time point display a much higher rate of glial cell survival
(D). Scale bar in A is 0.02 mm; images in A–D are shown at the same magniﬁcation. (E) Quantiﬁcation of surviving glial cells in the nota, calculated as a percentage of the number of
neurons, demonstrates that signiﬁcantly more glial cells survive in w myb2; grimA6C/þ and grimA6C homozygous nota than in the other genotypes. The number of neurons counted
were as follows: w/Y (n¼329; from 6 independent nota), wmyb2/Y (n¼302; 7), w/Y; grimA6C/þ (n¼196; 6),wmyb2/Y; grimA6C/þ (n¼229; 7), w/Y; grimA6C (n¼302; 5). (F–I) Shown
are wings which demonstrate that glial cells can be detected at the PWMwhen apoptosis is inhibited, but thatmyb and grim are not the critical regulators of their apoptosis. Wings
were dissected from male pupae of the indicated genotypes at 24–28 h APF and stained with anti-Elav (red) and anti-Repo (green). In white control wings, neurons (red) and glial
cells (green) were only present along the AWM and the presumptive L3 vein, while the PWMwas devoid of any neural cells (F). In contrast, the PWM ofw; UAS-p35; C96-Gal4wings
were lined with neurons and glial cells (G). However, although both wmyb2/Y; grimA6C/þ and w/Y; grimA6C wings exhibited ectopic neurons at the PWM, ectopic glial cells were not
detected at the PWM of either genotype (H and I). G0-I0 are higher magniﬁcation images of selected areas on the PWM of G-I, respectively. Scale bars in F and G0 are 0.05mm; F-I and
G0-I0 are shown at the samemagniﬁcation. (J) Proposedmodel of the stages at which DMyb plays a role in the developmentally speciﬁed apoptosis of SOP descendants in certain PNS
lineages. Red X0s indicate apoptosis regulated by Dm myb and grim, whereas the green X indicates apoptosis regulated by an as yet unknown mechanism.
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survival phenotype in the PWM when combined with either the
H99 chromosome or a mutant mip130 myb background, or both
together. Differently from the situation with mip130, reduced
levels of dE2F2 are able to enhance the PWM phenotype in
animals that are doubly mutant for null alleles of both myb and
mip130. This enhancement is even more dramatic in the presence
of the H99 chromosome where an average of 191 neurons
survived, the highest number observed in these experiments.
These results suggest that dE2F2 plays an active role in promoting
apoptosis of neural cells in the PWM, and provides the ﬁrst
example in which dE2F2, DMyb and Mip130 all act in concert to
promote the same outcome, in this case, the developmentally
speciﬁed death of neural cells in the PWM. The ﬁnding that dE2F2
plays a pro-apoptotic, rather than an anti-apoptotic role in this
process exempliﬁes the diverse and expanding roles played by
E2F proteins in different cell types and developmental settings.
Lineage-speciﬁc apoptosis of the PWM neuronal precursor cells
In general, sensory organs are composed of ﬁve cell types,
including the shaft, socket, neuron, sheath, and glial (often
destined to die) cells, with the ﬁrst two forming the visible
portions of the bristles (reviewed in Lai and Orgogozo (2004)).
These cells are generated through sequential asymmetric cell
divisions from a single SOP cell (Fig. 3A). PWM bristles in wild-
type animals represent a modiﬁed class of sensory organs, being
comprised of only shaft and socket cells and are therefore non-
innervated. The ﬁnding that blocking apoptosis along the wing
margin leads to the presence of ectopic neurons at the PWM
conﬁrms that the variant composition of the PWM bristles is not
achieved through a change in the cell division pattern of the SOP,
but instead via PCD of either the neurons or their precursor cells
(pIIb or pIIIb) (Jafar-Nejad et al., 2006). Our analysis of the fate of
these cells in mutant alleles of multiple genes encoding compo-
nents of the dREAM/MMB complex and the apoptotic pathway
have allowed us to corroborate and expand upon these conclu-
sions. Using the D-Pax2 antibody, we have been able to conﬁrm
that PWM bristles do not normally contain sheath cells. More
importantly, we found that in mutant animals with compromised
neural apoptosis, each time a surviving PWM neuron is present
(and only when such a neuron is present), it is accompanied by its
sister sheath cell, and that this is the case even in genotypes with
relatively few surviving neurons. Since it is unlikely that sister
neuron and sheath cells would always survive together if they
were apoptosing independently, this ﬁnding strongly suggests
that a precursor cell is being targeted for death.
Examination of glial cell fate in the PWM provides further
insights. The presence of glial cells in the PWM when the p35
protein is ectopically expressed demonstrates that the absence of
these cells in wild-type animals is due to apoptosis. However,
unlike the PWM neuron and sheath cells or the microchaete glial
cells, glial cells at the PWM do not survive in any of the dREAM/
MMB and/or RHG mutant combinations tested, indicating that
glial cells undergo apoptosis by a dREAM/MMB-independent
mechanism. Thus, two distinct mechanisms lead to glial cell
death in two different developmental settings. In addition, the
presence of a developmental program to generate glial cells at
the PWM indicates that one extra cell division cycle occurs after
the division of the pIIb and before the ultimate speciﬁcation of the
neuron and sheath cells. This supports the hypothesis that the
development of PWM bristles follows the same lineage as that of the
thoracic microchaete, in which the pIIb cell produces a glial cell and
a pIIIb cell, which in turn gives rise to the neuron and sheath cell
(Fig. 8J). Furthermore, since glial cells die when neurons and sheath
cells survive at the PWM, dREAM/MMB-promoted apoptosis in thissetting cannot be directed at the pIIb precursor which gives rise to
all three cell types, and is therefore most likely to be targeting the
pIIIb precursor cell (Fig. 8J).
The pro-apoptotic role of the dREAM/MMB complex appears to be
speciﬁc to grim-mediated cell death
Our data demonstrate that grim is the critical RHG gene
involved in mediating the dREAM/MMB signal to initiate devel-
opmentally speciﬁed neural apoptosis at the PWM. Until recently,
of the three RHG genes deleted in the H99 chromosome, only rpr
and hid had been shown to be important for PCD in speciﬁc
tissues during development (Grether et al., 1995; Peterson et al.,
2002; Yin and Thummel, 2004; Yu et al., 2002; Zhou et al., 1997).
However, grim has now been shown to be required for the PCD of
glial cells in thoracic microchaete (Wu et al., 2010). Our study
provides a second example in which grim plays the critical role in
promoting the apoptosis of a speciﬁc SOP daughter cell and
reveals that Dm myb plays a role in both of the grim-mediated
cell death processes. In examining the speciﬁcity of the myb-grim
linkage in promoting apoptosis, we also looked at whether either
of these gene plays a role in promoting the PCD of neuroblasts in
abdominal neuromeres, a process in which reaper has been
previously implicated (Peterson et al., 2002). We were unable to
ﬁnd any indication that myb or grim, individually or in combina-
tion with H99, play a role in regulating the apoptosis of these
neuroblasts (not shown), strengthening the hypothesis that the
interaction between DMyb and the apoptotic machinery may be
speciﬁc to grim and possibly to developmentally speciﬁed apop-
tosis in the PNS.
Given the transcriptional regulatory roles of DMyb and the
dREAM/MMB complex, the most obvious model to explain the
interplay between myb and grim is that as a component of the
dREAM/MMB complex, DMyb positively regulates the expression
of grim. However, no differences were detected between the
relevant genotypes when quantitative real-time PCR analysis
was performed on whole pupal wing and notum samples (not
shown). Since we believe that the unique interaction between
myb and grim only occurs in a subset of SOP daughter cells, which
are a small fraction (o1%) of the whole wing and thoracic tissues,
no conclusions could be drawn from this negative results. How-
ever, we also did not detect any signiﬁcant difference in Grim
protein levels between wild-type and mip130136 mybMH107
double mutant cells (Fig. S6), suggesting that grim expression is
not regulated by DMyb. These ﬁndings are in agreement with
results from Drosophila Kc cells, in which none of the dREAM/
MMB complex members were found to be bound in the vicinity of
the grim promoter region, and grim was not identiﬁed as a target
of any of the dREAM/MMB complex members in RNAi knock-
down studies (Georlette et al., 2007).Conclusion
As discussed in the Introduction, both pro- and anti-apoptotic
roles have been ascribed to mammalian and Drosophila myb
genes, but as these effects have generally been observed in
settings with abnormally elevated levels of Myb proteins or
activity, which also have associated effects in the cell cycle and/
or cellular proliferation, it has been difﬁcult to distinguish
between direct and indirect effects. The data presented here
demonstrate that Drosophila myb plays a critical role in promoting
highly tissue-speciﬁc and developmentally speciﬁed examples of
PCD in two settings, that this apoptotic event is separable from
any other effects that Dm myb has on the cell cycle, and that this
process is mediated by the pro-apoptotic grim gene. These studies
M.K. Rovani et al. / Developmental Biology 372 (2012) 88–102 101reveal a previously undiscovered function for the dREAM/MMB
complex, that of regulating PCD. We posit that these ﬁrst two
examples will herald the discovery of additional settings in
Drosophila and other organisms in which Myb and the dREAM/
MMB complex regulate developmentally speciﬁed cell death.Acknowledgments
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